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The generation of high frequency oscillatory magnetic fields represents a fundamental component
underlying the successful implementation of neutron resonant spin-echo spectrometers, a class of
instrumentation critical for the high-resolution extraction of dynamical excitations (structural and
magnetic) in materials. In this paper, the setup of the resonant circuits at the longitudinal resonant
spin-echo spectrometer RESEDA is described in comprehensive technical detail. We demonstrate
that these circuits are capable of functioning at frequencies up to 3.6 MHz and over a broad band-
width down to 35 kHz using a combination of signal generators, amplifiers, impedance matching
transformers, and a carefully designed cascade of tunable capacitors and customized coils.
PACS numbers: keywords: neutron spectroscopy, neutron resonance spin-echo, MIEZE, resonant circuits
I. INTRODUCTION
Conventional inelastic neutron scattering (INS) spec-
trometers have been highly successful in studies of both
mechanical and magnetic dynamics in condensed mat-
ter systems.[1, 2] In the most basic configurations of INS
spectrometers, there are intrinsic limitations arising from
the inverse relationship between the amount of energy
resolution and neutron flux. Neutron spin-echo (NSE)
was developed primarily as a method to overcome this
fundamental constraint by systematically labeling polar-
ized neutrons with Larmor precession rates based on their
individual energies (velocities). This allows neutrons from
a wide wavelength band (and hence more flux from reac-
tor and spallation neutron sources) to be utilized without
losing the information fidelity required for reconstructing
the energy transfers of the neutrons as they scatter from
sample materials.
The standard incarnation of NSE instruments also
come with a significant limitation; the maximum energy
resolution (alternatively, the range of ’spin-echo times’) is
directly coupled to the effective field integral J =
∫
B0dL
where B0 is the field strength inside a solenoid vol-
ume along the neutron path and L is the path length
through the field (solenoid).[3] Thus, many NSE instru-
ments are designed with large solenoids (large radius and
length along axis) to produce the maximum possible field
strength over as much of the neutron path length as pos-
sible. Small variations in J for different neutron trajec-
tories causes some loss in phase information which also
limits the accessible energy resolutions. Even with large
radius solenoids, carefully designed correction coils (Fres-
nel or Pythagoras) are necessary in order to substan-
tially minimize the variations of the field integral (for
∗ Corresponding author: jjochum@frm2.tum.de
both parallel and divergent neutron paths). Successful
implementation of such correction coil designs has been
realized for example at the beamlines IN11 [4] and IN15
[5] at ILL, which achieve field integral variations as low
as δJ/J ≈ 10−6.
Recently the Ju¨lich-neutron spin-echo (J-NSE) at MLZ
installed superconducting main coils, increasing its field
integral from J=0.48 Tm to 1.5 Tm.[6] In fact this re-
duces measurement times dramatically, because the neu-
tron wavelength used for the same spin-echo time can be
trimmed to a higher flux in the neutron spectrum. Yet the
main benefit lies in the very sophisticated redesign of the
coils, which decreased the intrinsic field inhomogeneties
by a factor of 2.5, shifting the previous bottleneck of lim-
iting currents in the Pythagoras-coils and thus allowing
longer Fourier-times approaching 1 µs to be reached.[7]
The technical constraints from the NSE concept
outlined above may be overcome by substituting the
solenoids with pairs of radio-frequency (RF) resonant
spin-flippers at the boundaries of the spin-precession
regions.[8] Although these resonant circuits come with
their own set of technical constraints, this setup does al-
low for the realization of larger field integrals and smaller
field inhomogeneities and thus markedly improved en-
ergy resolutions. NSE with RF resonant flippers is con-
ventionally referred to as Neutron Resonance spin-echo
(NRSE). One of the two secondary spectrometer arms
(which swivel around the sample position) is configured
to make RESEDA a complete longitudinal NRSE instru-
ment, meaning that the static B0 field of the RF spin-
flippers is oriented longitudinally (parallel) to the neu-
tron beam. With the RF flippers in this longitudinal
configuration, inhomogeneities in the field integral which
are symmetric with respect to the solenoid axis cancel
each other, and therefore substantially higher spin-echo
times can be achieved. In addition, the range of spin-echo
times is limited by the maximum and minimum frequen-
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2cies that can be produced by the RF flippers. However,
the limitation on the low frequency end can be signifi-
cantly mitigated by including elementary solenoids be-
tween the pairs of RF flippers in order to precisely tune
the spin-echo time over a range exceeding seven orders of
magnitude. [9]
While NRSE does allow for experiments with high res-
olutions comparable to that of NSE with less stringent
instrument design and power usage, both methods still
do not allow for (in a straightforward way) the use of
sample environments which would depolarize the neu-
tron beam. Such beam depolarization arises from mag-
netically ordered materials and applied magnetic fields.
Furthermore, samples with strong incoherent scattering
(as occurs for example in materials containing hydrogen)
have a negative impact on the NRSE signal. Thus, there
is a strong need for an NRSE instrument where all of the
manipulations of the polarized neutron beam can be car-
ried out before the beam reaches the sample, therefore
taking away the restriction of maintaining beam polar-
ization at the sample position.
The so called Modulation of Intensity with Zero Effort
(MIEZE) technique was developed to meet this need. [10]
At the RESEDA instrument, this means that only the
primary spectrometer arm is used to prepare the beam,
and the secondary spectrometer arm consists only of an
evacuated flight tube to prevent air scattering and a 2D
time-of-flight (TOF) detector.[11] This detector is placed
at an exact position where all the various differing neu-
tron wavelengths come together to constructively inter-
fere, a condition which is set by a carefully chosen ratio
of two different frequencies (f1, f2) of the RF flipper pair
on the primary spectrometer arm. As shown in Fig. 1,
the difference of these two frequencies also corresponds
in the spin echo approximation, i.e. small energy trans-
fer, directly to a spin-echo time τMIEZE . This process
effectively takes the information encoded in polarization
for conventional NRSE and effectively transfers it into
a sinusoidal time-dependence of the beam intensity for
MIEZE, as explained in further detail in Ref [12].
The ability with NRSE and MIEZE to measure the
equivalent of the intermediate scattering function S(Q, τ)
(where Q is the neutron momentum transfer and τ is
the spin-echo (or τMIEZE) time) over an exceptionally
wide dynamic range allows for a commensurately wide
scope of dynamical processes to be measured in a sin-
gle experiment. As an example, MIEZE measurements
with the pyrochlore system Ho2Ti2O7 (known to host a
spin-ice state with diffusing magnetic monopoles at low
temperatures [13]), were able to resolve the slow spin dy-
namics in order to uncover the magneto-elastic coupling
of phononic modes to crystal field transitions. Here the
phonon coupling to the crystal field is essential to model
the measured S(Q, τ) over the full range of MIEZE time
τ . [14]. MIEZE has also allowed studies of the dynamics
(i.e fluctuation timescales) of magnetic skyrmions con-
densing from a topologically trivial paramagnetic state in
an applied magnetic field. This study was able to prove
FIG. 1. Spin-echo time as a function of the frequency differ-
ence for a neutron wavelength of 6 A˚ accessible at RESEDA.
The resolution is linear in the frequency difference of the neu-
tron intensity, but cubic in the neutron wavelength (∆f =
f2 − f1).
that the lifetimes of these skyrmion lattice fluctuations
is on the order of nanoseconds, which may be considered
quite long in this context. [15]
By pushing beyond the previous high frequency limit
of f = 1 MHz for the resonating circuits in NRSE and
MIEZE, further observations of a wider variety of dy-
namical processes has been made possible at RESEDA.
In this paper, we provide the precise technical require-
ments to produce an NRSE and/or a MIEZE instrument
with these capabilities. With these RF-circuits now ca-
pable of reaching f = 3.6 MHz and the future availability
of the appropriate static B0 strength, the NRSE arm at
RESEDA is expected to achieve up to 50% of the field
integral of the world leading NSE spectrometers. Fur-
thermore, in MIEZE mode with experiments set-up in
a SANS configuration, measurements with a τMIEZE of
tens of nanoseconds can now be achieved.
II. THEORETICAL CONSIDERATIONS
At the heart of neutron resonance spin-echo spec-
troscopy are resonant neutron spin flippers. They are
comprised of a static magnetic field imposing the Lar-
mor precessions of the neutron spin and a rotating field
matching that precession velocity [16]. Technically the
rotating field is replaced by an oscillating field, which
can be seen as a superposition of two counter-rotating
fields. The opposing direction may be neglected for high
enough frequencies [17], in the case of RESEDA≥ 35 kHz.
There a several possibilites to create such a rotating field,
and the choice depends on spectrometer type and desired
conditions to meet.
In the case of RESEDA, a longitudinal NRSE spec-
trometer at a continuous reactor neutron source, a good
3homogeneity over the beam cross section and a sharp
field boundary in neutron flight direction are essential.
The available space is restricted by the gap between the
Helmholtz B0 coils, typically ∼ 2 cm. Therefore, the RF
flipper coil must be designed to have specific electrical
properties to account for this; namely a resistance of 0.5-
1 Ω and inductance of 20-30µH. To reach currents of 5 A
at a frequency band from 35 kHz to 4 MHz, a resonant
circuit may be used. For other geometries of the instru-
ment, e.g. the versatile beamline LARMOR at the ISIS
spallation neutron source, a simpler design of the RF
coils may be operated with a combination of a frequency
generator and a powerful amplifier [18]. Additionally, in
recent years superconducting materials have been utilized
in Wollaston prisms [19, 20] and resonant circuits [21] to
achieve resonant spin flips in Larmor labeling techniques.
Resonating circuits have been used for a long time in
conventional NRSE instruments, however, the maximum
frequency was always limited to below 1 MHz [22]. In the
following we will briefly review the reasons for this and
potential limitations.
For transverse NRSE, the RF coil is enclosed in the B0
coil providing the static magnetic field. This close vicinity
with a gap of less 1 cm leads to both a shift in the res-
onance frequency to lower values and a damping of the
amplitude. In LNRSE however, this problem is solved
naturally by the design of the Helmholtz coils. Particu-
larly important is the choice of materials, both for the
actual coil and the components of the resonating circuit.
For the coil, the skin of a single wire and the proximity ef-
fect between neighboring wires must be considered. Both
are reducing the usable cross section of the wires for the
conduction of AC currents with increasing frequency, and
therefore increase the Ohmic resistance of the resonance
circuit. Furthermore, all electronic components, such as
relays, add parasitic capacities to the resonant circuit and
therefore reduce the maximum achievable frequency. Spe-
cial attention has to be paid to the cables connecting the
individual components of the resonating circuit. Different
types of coaxial cables and BNC connectors contribute to
the impedance of the circuit and add damping.
Another important issue is the inter-winding capaci-
tance, which together with the coil inductance acts as a
parallel resonant circuit. The resonance frequency of this
unwanted circuit has to be well-separated from the reso-
nance of the serial circuit, otherwise it will significantly
increase the resistance and dampen the amplitude of the
resonance.
III. TECHNICAL REALIZATION
In the following section the technical realization of the
resonating circuits at RESEDA is described in detail.
Technical drawings for all parts discussed here, may be
found in the supplementary information [23].
The resonating circuit is depicted schematically in Fig.
2. The circuit consists of a signal generator which feeds
into an amplifier, via a -30 dB attenuator. The signal then
connects to a matching circuit. The matching circuit is
split into two parts, one part for frequencies below 1 MHz
(C-box 1), and a second part for the higher frequencies
(C-box 2). The latter is fixed directly at the coils to re-
duce the length of the cables between the C-box and the
RF coil to an absolute minimum. The matching circuit
is connected to the RF coils as well as to an oscilloscope
providing feedback to the operating software NICOS [24]
to allow for fast regulation.
In the present implementation of RESEDA, at the pri-
mary spectrometer arm two separate circuits are con-
nected to a single RF coil each. A third circuit controlling
two RF coils is installed on the secondary spectrometer
arm, used for NRSE. In this configuration it is possible to
switch between NRSE and MIEZE within a few minutes
while keeping changes of the necessary technical equip-
ment and reconfigurations to a minimum. The different
parts of these circuits are described in the following sec-
tions.
A. Signal generation and amplification
The sinusoidal signals for the RF circuits are supplied
by Agilent HP 33220A signal generators, that offer the
desired frequency band. Depending on output frequency
and level their harmonic distortion is below -35 dBc.
Since the amplitude regulation of the RF circuits is
driven by the amplitude of the generated signals it is ad-
vantageous to match them to the amplifiers (Rohde &
Schwarz BBA150-A125) nominal input power (-3.4 dBm
into 50 Ω which equals 0.427 mV). Using -30 dB (factor of
31.6 for voltage) attenuators allows the use of the full out-
put range of the signal generators (Vpp = 10 mV ...10 V
into 50 Ω) and makes it possible to use them for pre-
cise amplitude regulation. Additionally it prevents the
input stage of the BBA150s from any harmful signal in-
tensity levels and more importantly, shifts the minimal
achievable power output from 3 W down to 0.1 W. This
is crucial to tune the current in the low Ohmic RF coils
(0.5 Ω, cf. figure 6) down to 500 mA (needed current for
an RF-pi-flip at λ = 15 A˚) at low frequencies.
B. Matching circuit for the new RF coil
To suppress distortions of the RF signal and to maxi-
mize the efficiency of the circuit [22], the resonant circuit
needs to be purely resistive, and any impedances will
need to be matched by a matching circuit. At RESEDA
this was done with a toroidal transformer and a serial res-
onance. The 50 Ω output impedance of the amplifier was
transformed to the corresponding serial resistance of the
RF coil using a toroidal transformer. A series capacitor
compensates for the reactance of the coil.
The matching circuit contains frequency dependent se-
ries resistances, for which different transformers were re-
4FIG. 2. Schematic circuit diagram of the resonating circuit
with two coils per circuit (NRSE configuration).
quired. Since it was possible to implement two transform-
ers on one toroid this represented a minor issue.
RG62 cables (93 Ω) were used to connect the coil to the
matching circuit, due to their small capacity of 44 pF/m
. Standard 50 Ω coaxial cables would have limited the use
of the circuit to frequencies below 1.5 MHz.
1. Matching capacities
The main components of C-box 1 are the capacitors
and the transformer, as described in the following. Ad-
ditionally, C-box 2 includes a pick-up coil/current trans-
former as well as high frequency relays and capacitors. To
illustrate, the internal components of C-box 2 are shown
in Fig. 3.
C-box 1 is controlled using the software NICOS [24]
via an Ethernet connection. It receives its input signal
directly from the R&S amplifiers. The output of C-box 1
is connected directly to the RF coil for frequencies below
1 MHz. For frequencies above 1 MHz, the output signal is
routed via C-box 2. C-box 2 contains all high-frequency
components and is placed directly on the aluminum
support of the coil (Figure 4 item (v)) to keep the length
of the connecting cable (RG62) as short as possible,
minimizing its impedance.
The capacitances required for tuning need to cover a
large range from 1µF - 50 pF under voltages up to 3 kV.
Furthermore, to reduce power losses a high quality fac-
tor is needed under currents up to 5 A. To fulfill these
requirements three sets of capacitors are used covering
the entire frequency range of the resonating circuit:
• f < 300 kHz: film capacitors, WIMA MKP10 and
FKP1
• 300 kHz ≤ f ≤ 600 kHz: mica capacitors, Cornell
Dubilier, CDV16
• f > 600 kHz: high voltage ceramic capacitor, AVX,
HQCE and HQCC (C-box 2)
The relays need to have low transmission losses and
withstand currents larger than 5 A and, depending on
frequency effective voltages up to 2 kV. For frequencies
larger than 1 MHz the parasitic capacitances of the relays
need to be as low as possible when the relay is switched
off. Therefore, similarly to the capacitors, individual re-
lays are used for different frequency ranges:
• f ≤ 1 MHz: PCB relays, Finder, 40/41
• f > 1 MHz: high voltage reed relays, GIGAVAC,
G41A (see Fig. 3 (iv))
2. Impedance matching
It is essential that the transformer lowers the output
impedance of the amplifier from 50 Ω to 0.6 - 6 Ω. Due to
this large transmission ratio, thin copper tape (0.05 mm
x 5-10 mm) is used as a secondary winding. The wind-
ing width of the two windings are then almost identical,
maximizing the coupling between the two.
The transformers use a FT250-75 ferrite core. Three
transformer ratios are required to cover the full frequency
bandwidth: 50:1 Ω, 50:2.2 Ω, 50:4.6 Ω. For all three, the
secondary winding consists of three windings of flat
copper wire, with widths of 10, 7 and 5 mm respectively.
The primary winding consists of 0.7 mm thick enamelled
copper wire, with winding numbers of 21, 15 and 10.
The higher the ratio, the higher the winding number.
Due to their induction leakage, the transformers also
effectively act as a low pass filter and cause a phase shift
of maximum of 20 o at the resonance frequency only.
Thus we omit a low pass compensation.
3. Signal shaping electronics
The matching circuits were designed to work with real
(i.e. non-ideal) signals, which contain for example higher
harmonics from class AB amplifiers that can be reflected
by the resonant circuits. Therefore the incoming signals
are preemptively filtered. The switchable diplexer passes
signals with frequencies below 5 MHz via the low pass,
while frequencies above 5 MHz are adsorbed in the re-
sistor in the high-pass filter. Additionally a variable high
pass filter terminates high frequency signals above 0.27 to
21 MHz subject to specific requirements. That is, boxes
allow for the operation of two individual rf-coils using
one amplifier (and signal generator). Therefore a power
divider feeds two identical matching boards.
5FIG. 3. C-box 2 currently in use at RESEDA. (i) Connection
to RF coil (see Fig. 4) (ii) Resistances (iii) Connection to the
oscilloscope (iv) Connection to C-box 1 (v) High voltage reed
relay (vi) Pick-up coil.
C. Pick-up coil
The sensing elements for the feedback loops (the pick-
up coils) have to operate at frequencies up to 4 MHz.
To obtain constant transformer characteristics over the
entire frequency band a FT37-72 core (µr = 2200) with
a winding number of 20 is used. The terminating load of
the secondary resistor is 10 Ω, making the real part of
the forward resistance smaller than 50 mΩ. Because the
voltage at the pick-up coil is rather high for frequencies
above 1 MHz, cross talk between the capacitors and the
secondary winding needs to be avoided. To satisfy this
necessity, a thin copper foil (connected to ground) is
put between the insulation of the coil and the secondary
winding (see Fig. 3 (vi)), since at a capacity of 1 pF the
current running through the coil at 4 MHz is 25 mA/1 kV
or rather 25 mA/ 0.8 A which corresponds to a secondary
current of 50 mA/1 A.
D. The RF coil
The RF coil represents the key element of the resonat-
ing circuit, responsible for the optimal operation of the
entire instrument. The RF coil consists of a main coil
and two compensation coils (see Figure 4). The compen-
sation coils are connected in parallel to each other and
in series to the main coil [? ]. Their purpose is to com-
pensate for the stray fields produced outside the main
coils in the path of the polarized neutron beam, thereby
reducing power losses from induced currents in the adja-
cent metallic structures (such as the static field coil) and
FIG. 4. Radio frequency coil currently in use at RESEDA.
(i) Main coil (ii) Compensation coils (iii) High voltage con-
nector (iv) Teflon holders (v) Aluminum support and frame
(vi) C-box 2.
preventing perturbations of the static field [22].
Previously, the radio frequency coils (RF coils) at
RESEDA were operating up to a resonant frequency of
1 MHz. As mentioned in Section I, the possible spin-echo
times (τMIEZE) that may be reached with a MIEZE spec-
trometer strongly depend on the frequencies that can be
achieved with the RF flippers. To access higher τMIEZE ,
it is paramount to optimize the resonating circuits. The
static field coils available at RESEDA permit resonant
frequencies up to 4 MHz. There are several difficulties in
achieving such frequencies:
• The relatively high inductance of the RF coils (be-
tween 20 and 30µH) requires very small capacities
(several pF) which can only reliably be achieved by
avoiding all parasitic capacities.
• At frequencies above 1 MHz the skin effect leads
to a strong increase in Ohmic resistance of the RF
coils which in turn dampens the resonant circuit,
making it increasingly difficult to feed power into
the coil. Furthermore, the increase in resistance
leads to a warming of the coil.
1. The main coil
The main coil is wound from aluminum flat wire
(0.2 mm x 3 mm, 19 windings) and has an inductance of
6.4µH, contributing less than 1/3 of the inductance of
6FIG. 5. Error of the readout coil in dB versus frequency. The
orange line serves as a guide to the eye. The error is close to
zero in the desired range of 25 kHz to 4 MHz, with only slight
deviations of -0.25dB at 30 kHz.
the entire coil (Lcoil = 23.8µH).
At a neutron wavelength of 4.5 A˚ the maximum current
running through the coil will be 4.4 A. This leads to a
power loss of:
P = I2rms ·RS = 9.68RS (1)
where RS is the serial resistance. Keeping the power
loss at a maximum of 50 W this limits the Ohmic losses
of the coil at a frequency of 4 MHz to a maximum allowed
resistance of 5 Ω.
2. The compensation coils
As may be seen from Fig. 4 the compensation coil con-
sists of two toroidal half-sections with a straight section
in between. The compensation coils are the main contrib-
utors to the Ohmic losses of the RF coil. Therefore it was
necessary to optimize their design to match a frequency
of 4 MHz. The resistance of the compensation coil can
be minimized by using a solid copper wire (diameter =
0.63 mm). Below frequencies of 1 MHz, the resistance of
the multistrand (Litz) wire is lower than that of the sin-
gle strand wire due to a reduction in skin- and proximity
effects. Above frequencies of 1 MHz, the increase in resis-
tance is much stronger for the multistrand wire than for
the single strand wire due to the parasitic capacitance
between the different strands.
The toroidal part of the plastic core for the compen-
sation coils was constructed with grooves to accommo-
date the wires so that they remain in place. However,
the grooves are only placed at the outside part of the
toroidal core, since otherwise the wires would be packed
very tightly on the inside, increasing the resistance.
FIG. 6. Resistance of the main coil, compensation coil, and
the complete RF coil currently installed at RESEDA as a
function of frequency f . The resistance drastically increases
with higher frequencies. The solid lines represent cubic fits.
With these specifications the resistance of the compen-
sation coils is 7.0 Ω for f = 4 MHz, while the resistance
of the entire RF coil is 5.0 Ω at the same frequency.
Figure 6 shows the resistance of the main coil, the
compensation coil, and the RF coil as a function of
frequency f . The figure clearly shows the extent to which
the compensation coils are the primary contributors to
the Ohmic losses.
Taking into account the DC resistance of the RF coil of
0.49 Ω, its inductance of 23.8µH, and parasitic capacity
(connectors and winding’s) then the parasitic resonance
is at 10.4 MHz (in parallel with its primary) for a dis-
tance of 73 mm to ground. This is more than a factor of
two above the current maximum operating frequency of
3.6 MHz, and thus suppresses interference effects for all
operational settings of the instrument.
E. Control loop of the RF circuit in NICOS
For a reliable resonant spin-echo setup the magnetic
RF-fields have to exhibit long-term stability at values
that may be set accurately in a highly reproducible man-
ner. Since parameters leading to instabilities may be of
different origin, we implemented closed RF-current con-
trol loops for each RF circuit. This allowed us to ensure
the optimal magnetic field strength for RF pi-flips with
superior efficiency, after taking into account the individ-
ual electric characteristics, varying environmental condi-
tions, and different possible choices of circuit frequency
or neutron wavelength (velocity). The layout is depicted
schematically in Fig. 2. The actual controller is embed-
ded digitally in the NICOS control software [24].
Since the current is directly proportional to the mag-
7netic field strength and an easy variable to change, it
was chosen as the loop process variable. The current is
generated via induction in the pick-up coils inside C-box
2. The sensitivity of the pick-up coils for the different
resonating circuits is practically identical and more im-
portantly, effectively constant over the desired frequency
band (as specified in Section II A) allowing the feedback
parameters for all working conditions to be fixed.
A four channel oscilloscope (50 Ω input impedance,
1 GHz bandwidth, 16 bit vertical resolution, RTE1104,
Rohde & Schwarz, Germany) serves as an analog to dig-
ital converter. The internal FFT of the oscilloscope al-
lowed real time evaluation of all signals, including the
values of power in individual channels for frequencies
spanning two orders of magnitude (35 kHz to 4 MHz).
To accomplish this, the time base of the oscilloscope was
adjusted according to 100f2
sec
div whenever a new spin-echo
time τ was set.
Of course, one might optimize the amplitude digitiza-
tion (voltage resolution) as well, but this value differed
only by a factor of three at most (≈550 mV at 15 A˚ vs.
1.5 V at 4.5 A˚). Having a 16-bit analog-to-digital con-
verter (ADC) at a voltage range of 4000 mV, i.e. 400 mVdiv
and thus covering all expected voltages, resulted in a volt-
age resolution of 0.061 mV for the ADC. This resolution is
more than 10 times better than the accuracy when tuning
the excitation amplitude of the sine (signal) generators,
thus allowing the vertical deflection of the oscilloscope to
be kept constant.
In order to tune the RF circuit amplitude, the excita-
tion level of the sine generator was varied by utilizing a
simple proportional control loop with a dead-band, i.e. no
action occurring below a set input, of ±50 mV around the
set-value and limited stepping values in a range between
1 and 100 mV. This tuning procedure yields reproducible
and stable currents.
The polling interval of the read-out was ∼ 1 s. This lim-
ited the dynamical loop characteristic, namely the time
required to change the RF-amplitude, to a transient time
of approximately 10 s. Compared to the typical counting
times ranging from 300 to 3000 s per spin-echo point, the
dynamical loop characteristic is still two orders of mag-
nitude faster. This means a dead-time below 3% of the
counting time when setting new spin-echo times.
IV. CHARACTERIZATION OF THE NEW
RESONATING CIRCUITS
A. Resonances and resonance band
In this section, a thorough characterization of these
resonant circuits is presented. The experiments were per-
formed with a free standing coil at the RESEDA instru-
ment. The setup characterized here is now in operation
for instrument users. As described above, operation of
the devices and data recording is done using the NICOS
instrument control software.
FIG. 7. Resonance scan of a rf-flipper coil around resonance
frequency f = 1.301 MHz with frequency generator set to 1 V
output. Diplexer was set on, highpass off, Parameters are de-
rived by fitting (orange line) the data (blue symbols) using
Eqn. 2.
FIG. 8. Frequency scans for various setting of the capacitor
box at 1 V amplitude at the frequency generator and fixed
gain at the amplifier. Each color represents one scan at a
setting.
To determine the resonance frequency for a given set
of capacities, the frequency of the signal generator was
scanned while holding the output voltage constant at a
low value of 1 V with a fixed amplifier gain. The rms
voltage at the pick-up coil, shown in Fig. 7, was recorded
using the oscilloscope. The peak maximum indicates the
resonance frequency, in this example 1.3 MHz. The reso-
nance curve may be fitted with a simple Lorentzian,
I ∼ Vpick−up = VmaxR√
R2 + (f · L− 1/(f · C))2 (2)
where R is the resistance, L the coil inductance, C the
capacitance, fres the resonance frequency, BW the band-
width at -3 dB indicated by the black arrow, and Q is the
8quality factor. The fit is carried out within the dashed
grey lines, to avoid the base noise level of ∼0.05 V.
To find the available frequency band, a frequency scan
was performed for various possible combinations of ca-
pacitors with appropriate transformer and filter settings.
Figure 8 shows the resulting resonances ranging from
35 kHz to 3.6 MHz. Lower frequencies are technically pos-
sible, though not useful at RESEDA due to the Bloch-
Siegert shift [17], which decreases the flipping efficiency
at low frequencies. To achieve a high dynamic range of
resolutions, the field subtraction method is used instead
[9]. In the high frequency regime, the current setup was
tested for resonances up to f = 3.6 MHz, just below the
f = 4 MHz value that allows for the highest instrument
resolution with the current static field coils. We find sev-
eral smaller gaps in the frequency band on account of the
logarithmic spacing of the values of commercially avail-
able capacitors used in this setup. This limitation may in
principle be overcome by using custom-made capacitors
with values stepped in multiples of two. For operation at
the instrument, only the gap between 1-1.3 MHz proves
to be inconvenient. The amplitudes decrease slightly with
increasing frequency as the resistance of the circuit in-
creases with frequency. When the transformer ratio is
changed, the amplitude steps are found to increase. How-
ever, the amplitude is high enough to allow for a pi-flip of
neutrons even at the lowest neutron wavelength of 4.5 A˚
where the highest current is needed.
B. High-frequency resonant neutron spin flip
To perform a resonant spin flip at the highest available
resonance of 3.6 MHz, a high static field of the B0 coils is
needed. Due to the proximity of the RF and static field
coils, the static field required to perform a spin flip at
3.6 MHz is increased beyond the limits of the static field
coils. Therefore, we temporarily installed a 2.2 T super-
conducting sample magnet equipped with a holder for the
RF coil to generate the required B0 field. In this test ex-
periment the polarization of the neutron beam was main-
tained by the instrument’s guide field, and flipped by the
combination of the sample (B0) field and the RF flipper
at the sample position. The polarization was then ana-
lyzed by an S-bender [25] and the neutron counts were
recorded by a single 3He counter tube. The amplitude of
the resonating field is fixed at the value needed for 6 A˚
neutrons while the B0 field was scanned (c.f. Fig. 9)
The clear peak in the data above 122 mT corresponds
to a pi-flip. The data quality was limited as the scan was
performed at the end of the reactor cycle when the neu-
tron flux was decreasing. Good agreement with the cal-
culated curve is observed. This proves the possibility to
perform RF-flips at very high frequencies as a precon-
dition to enhance the resolution of NRSE and MIEZE
drastically.
FIG. 9. Scan of static magnetic B0 field at a frequency of
ωrf = 3.6 MHz. The peak indicates a resonant flip with a effi-
ciency of > 92 %.
V. CONCLUSION
We have designed, constructed, and tested new res-
onating circuits including next generation RF coils for the
NRSE and MIEZE options of the resonant neutron spin-
echo spectrometer RESEDA. Equivalent circuits based
on these developments were installed as a spin-echo op-
tion at the triple-axis instrument MIRA [26]. The res-
onant circuits are at the heart of the spectrometer’s
capabilities and performance, as the achievable resolu-
tion directly depends on the maximum frequency. To en-
sure the design goals of a maximum frequency close to
4 MHz and a broad bandwidth reaching as low as 35k˙Hz,
two separate complementary capacitor boxes were de-
signed. The first box accommodates capacitors for low
and medium frequencies as well as signal shaping elec-
tronics and transformers for impedance matching, while
the second box accommodates the high frequency elec-
tronics and is therefore mounted as close as possible to
the RF flipper coil to minimize additional impedance due
to cable length. Only small gaps in the frequency bands
were observed due to the values of the capacitors avail-
able commercially. With the new resonant circuits, a res-
onant pi-flip was demonstrated at 3.6 MHz even for a neu-
tron beam with wavelength band centered at 4.5 A˚ where
the highest current is needed.
With the new resonating circuits in place, the perfor-
mance bottleneck is now shifted to achieving higher static
magnetic field B0 strengths. To resolve these limitations,
compact superconducting magnets with a field strength
of 300 mT are currently being manufactured. An initial
test using a 2.2 T sample magnet from the MLZ sample
environment group with 140 mT B0 field applied at the
RF flipper demonstrated the technical viability of this
setup.
In addition, for MIEZE both the time and spatial res-
olution of the detector need to be improved. In the cur-
9rent configuration of RESEDA, a frequency of 3.6 MHz
leads to an intensity modulation of 2 MHz for the neutron
beam, which can only be sampled with four data points
per oscillation period at the current detector speed. Fur-
thermore, high modulation frequencies lead to a large
number of densely spaced phase rings on the detector,
making a high spatial resolution crucial in order not to
average over substantial phase differences in each detec-
tor pixel. The high frequencies now available allow the
detector to be translated forward while maintaining ad-
equate resolution. This allows for coverage over a larger
solid angle with the detector, which drastically reduces
the measurement times for a variety of experiments.
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used in C-Box1 in detail.
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